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Introduction
The extracellular matrix glycoprotein fibronectin plays a significant role in embryonic development, acting through the influence it exerts on cell adhesion (Rogers et al., 1989; Rutishauser and Jes-se& 1988; Hynes, 1983) , cell migration (bnner-Ffaser, 1985; carney and Silver, 1983; Newgreen and Thiery, 1980) , and promotion of cell differentiation (Rogets et al., 1989; bring et al., 1981 ; Sieber-Blum et al., 1981) , and proliferation ( Rogers et al., 1989; Steimer and Klagsbrun. 1981 ) (see review by Hynes, 1990) . Previously we utilized an immunohistochemical approach to localize the spatial and temporal distribution of fibronectin-like immunostaining in the developing cochlea of the rat (Wmlfet al., 1992) . Within the developing organ of Corti and auditory (VIIIth cranial) nerve, fibronectin-like immunoreactivity was present only from embryonic Day 18 (E18) through 7 days postpartum (P7), a maturation period ' Supported by NIH g m a DC00139, DCOO386, and AGO5512 (DAP), NIH office 0fRescarch on Women' s Health, Whitaker Foundation Development Award, Institute for Biomedical Engineering Adhesion Receptor Suucture/Function Core Facility, and the Research Service of the Veterans Administration.
Correspondence to: Nigel K. Woolf, ScD, Div. of Otoluyngology, 0666, U. of California, San Diego, 9500 Gihnan Dr., La Jolla, CA 92093-0666. nollspBcific silver grain development (i.e., background noise) was confiied primarily to the lower 5 pm of the emulsion adjacent to the tissue section. Limiting the volume of the emulsion examined in the LSCM analysis, i.e., restricting the range of optical sectioning to the fmt 2 pm below the surface of the emulsion, effectively minimized nonspecific background noise and maximized the specificity of the hybridization signal. The improvements offeted by the de- In situ hybridization; Inner ear; Cochlea; Confocal microscopy. associated with active neural migration and innervation of the sensory hair cells and with myelination of auditory nerve fibers. In contrast, within the basilar membrane, the flexible layer of mesothelial cells, radial fibers, and amorphous ground substance material that underlies and supports the organ of Corti, fibronectinlike immunoreactivity was present at all of the developmental stages investigated (i.e., E16 through adulthood).
Although hnunolocalization studies (Woolfet al., 1992) were able to demonstrate abundant fibronectin-like protein in the developing inner ear, these studies could not define local cellular sites of fibronectin synthesis, nor could they discriminate between the functionally distinct isoforms of fibronectin that can arise from alternative splicing of the primary gene transcript. The molecular heterogeneity resulting from altemative splicing of rat fibronectin mRNA is of interest because the different isoforms are believed to be functionally distinct (ffrench-Constant et al., 1989) and their expression patterns vary with developmental age (Hynes, 1990) . Notably, the embryonic patterns of fibronectin mRNA splicing haw been observed only in early embryos and healing wound tissues, and not in normal adult tissue (ffrench-Constant et al., 1989) . The final stages of cell differentiation in the rat inner ear occur relatively late in embryogenesis, around the time of birth (Woolf et al., 1992) . and the patterns of fibronectin synthesis in the develop-ing cochlea have not been examined. To circumvent the inherent limitations of the immunohistochemical approach, we developed a modified in situ hybridization (ISH) protocol and analytical approach that allowed precise determination of cellular sites of fibronectin mRNA synthesis and distinguished among the different fibronectin mRNA splice variants expressed within the inner ear of the developing rat.
ISH provides a powerful technique for detecting the expression of nucleic acid sequences within cells. However, a problem common to all ISH procedures employing radioactive probes is the presence of nonspecific silver grains in the autoradiographic emulsion.
Therefore, the specific autoradiographic signals that develop over hybridized cells are superimposed on a background of nonspecific silver grains (Paddock et al., 1991) . This background noise appears routinely in ISH autoradiographic images visualized with either conventional brightfield or darkfield microscopy. Nonspecific silver grains not only are dispersed randomly throughout the emulsion but they also tend to develop nonselectively in the emulsion over cells in the tissue specimen (Paddock et al., 1991) . Frequently, it is not possible with normal brightfield or darkfield microscopy to distinguish clumps of nonspecific silver grains, or debris distributed over cells, from positive hybridization signals.
The potential utility of laser scanning confocal microscopy (LSCM) for improved analysis of the distribution of autoradiographic silver grains on hybridized slides was first suggested by Paddock et al. (1991) . They utilized the focusing power of LSCM, operated in the reflected light mode, to image silver grains in discrete optical planes or "optical sections." They concluded from their qualitative data that when the level of focus for confocal detection was placed 5-10 Bm above the plane of brightfield focus for positive cells, only silver grains associated with positive hybridization signals were visible in the confocal image (Paddock et al., 1991) . Any artifacts and silver grains not associated with cell labeling were out of focus and therefore were eliminated from the resulting confocal images. We have now developed an improved protocol, utilizing the optical sectioning capabilities of LSCM combined with computer-assisted image processing approaches, to more systematically and quantitatively examine the three-dimensional distribution patterns of silver grains within photographic emulsions over hybridized sections. In the present study, the LSCM and ISH approaches described were utilized to demonstrate the localization of fibronectin mRNA expression in the cochlea of the developing rat. A detailed description of the ontogenetic changes in fibronectin mRNA synthesis in the rat inner ear will be presented elsewhere.
Materials and Methods
Tissue Prepation. All work with animal subjects included in this study was conducted in accordance with guidelines published in the NIH Guide for the Care and Use of Laboratory Animals. Deeply anesthetized (rodent cocktail mixture: ketamine 20 mg/kg, xylazine 2 mg/kg, and acepromazine maleate 0.4 mglkg, IM) Sprague-Dawley rats, at birth (PO) or at 1 week postpartum (P7), were perfused intracardially with normal saline (pH 7.4), followed by a two-stage, acid-base shift paraformaldehyde perfusion: equal volumes of 4% paraformaldehyde (pH 6.5). followed by 4% paraformaldehyde with 0.05% glutaraldehyde (pH 9.5) (Simmons et al., 1989) . All of the cochleas, either intact in hemisected heads (PO) or dissected free in the temporal bones (P7), were post-fixed in 4% paraformaldehyde (pH 9.5) overnight at 4°C and then decalcified for 3 weeks in 8% ethylenediamine tetraacetic acid (EDTA) in phosphate buffer with 4% paraformaldehyde (pH 7.4) at 4'C (modified from Ryan et al., 1991) . Decalcified cochleas were then dehydrated, embedded in paraffin, sectioned at 7 pm, and mounted on poly-L-lysine-coated slides.
RNA Probes and Labeling. Single-stranded RNA probes were synthesized from rat fibronectin cDNAs: FN-C (270 BP) and EIIIA (213 BP) (generously provided by Dr. R.O. Hynes). The FN-C mRNA corresponds to a region in the Type 1 repeats near the COOH-terminal end of the molecule and is included in all known forms of fibronectin mRNA (ffrench- Constant et al., 1989) . The EIIIA "
A codes for one of three recognized alternately spliced isoforms of fibronectin (Tamkin et al., 1984) , which are selectively expressed during embryonic development and again during the repair of damaged tissue (i.e., wound healing) (Hynes et al., 1990; ffrench-Constant et al., 1989) . Single-stranded RNA sense and anti-sense probes were labeled with [3'S]-UTP to a specific activity of lo8 cpm/pg using a transcription kit (Promega; Madison, WI) under the conditions described by the manufacturer.
In Situ Hybridization. Pre-hybridization and hybridization were performed as described previously (ffrench-Constant et al., 1989) . Briefly, slides were deparaffinized and sequentially passed through 0.2 N HCI, 1 M/ml proteinase K, 0.2% glycine, 4% paraformaldehyde, and 1:400 acetic anhydride in 0.1 M triethanolamine before addition of the hybridization mixture. Hybridization buffer (50% deionized formamide, 10% dextran sulfate, 0.3 M NaCI, 10 mM Tris, 5 mM EDTA, 1 x Denhardt's, 10 mM dithiothreitol (DTI'), 100 pg/ml yeast tRNA, and 500 pM non-radiolabeled thio-UTP) containing the appropriate probe at 7 x 10' cpm/30 pl was placed on the sections. After overnight hybridization at 50'C. slides were rinsed in 50% formamide, 2 x SSC (0.3 M sodium chloride, 30 mM sodium citrate), 10 mM DDT at SO%, bathed in 50% formamide, 2 x SSC. 10 mM DTI' at room temperature for 3 hr, digested with 10 pglml RNAse A, and washed in 50% formamide, 2 x SSC, 10 mM MT at 65'C. Slides were then dehydrated in graded alcohols, dried, dipped in Kodak NTB-2 emulsion diluted in 0.6 M ammonium acetate (kl), exposed for 15 days, developed in Kodak D19, fixed in Kodak fixer, counterstained with Giemsa, and mounted with Pro-Texx mounting medium (Scientific Products; McGraw Park, IL).
Confocal Imaging and Quantification of ISH Signals. The slides were examined with a Bio-Rad MRClOOO series laser scanning confocal imaging system mounted on an Nikon Diaphot 300 inverted microscope using a Nikon Fluor x40 (oil, NA 1.3) objective. The imaging software was run on an AST Premmia MTE P60 microcomputer equipped with a Pinnacle Micro 1.3 Gb optical drive for data storage. The light source was a kryptodargon laser configured with a 10% pass neutral density filter placed in the optical path. The transmitted and reflected light paths were collected through separate channel detectors and later were electronically merged to provide a registered composite image in a fashion similar to making a double exposure in conventional photography (Brelje et al.. 1993) . For the brightfield image, a single, sharply focused micrograph of the cochlear tissue was first collected in the non-confocal transmitted light illumination mode on channel one. For the generation of the confocal reflected light image of the silver grains, the filtered 488-nm blue line was used, with Bio-Rad B1 and W H S cubes inserted into photomultiplier blocks No. 1 and 2, respectively. A 2-series of optical sections through the emulsion was then collected automatically under computer control on channel two, with the motorized stage advanced in 0.5-pm increments in the Z-axis.
The stored single brightfield image and the optically sectioned threedimensional silver grain volume were electronically merged using Adobe Photoshop 2.51 operating on a Macintosh Power PC 8100. Final output was made using a Fujix Pictrography 3000 printer. The estimated resolution of the LSCM system at Zoom 1 using a Nikon Fluor x 40 oil objective (numerical aperture 1.3, final magnification x 52) was 0.297 pm in the Xand Y-axes and, with the confocal aperture closed to a minimum (iris setting 0.7). a depth of field of 0.5 pm in the Z-axis.
Silver grains that develop in NTB-2 emulsion are uniformly spherical in shape, with a diameter of approximately 0.25 Fm (Dr. Donald Black, Kodak, Inc., personal communication). In sequential series of registered optical sections collected by LSCM in the reflected light mode, the maximal brightness levels for the individual silver grains were distributed over a relatively narrow range of intensities. Furthermore, the maximal brightness reading for each individual grain in a series of optical sections was typically limited to a single 0.5-pm optical section. Consequently, it was possible to select a restricted range of maximal reflectance values from the &bit intensity scale (i.e., a threshold range including 61-255 from the total intensity scale of 0-255) which resulted in each individual silver grain being imaged only once in a given 2-series reconstruction and appearing as a single pixel in a single 0.5-pm optical section. Rectangular measuring fields, of an arbitrarily selected 400-wm2 size, were superimposed on the merged brightfield and reflected light images at selected X-Y coordinates. For each successive optical section in the Z-axis, the number of silver grains in the projected 400-pm2 measuring field were computed utilizing the Histogram Analysis function of the Bio-Rad COMOS 6.01 software program (Bio-Rad, 1991) . and the results plotted as a function of grain counts1400 bm2 measuring fieldloptical section.
Results

Cochlear Histology
Between birth (PO) and 1 week postpartum (P7), the rat cochlea displayed a number of significant morphological immaturities (Woolf et al., 1992) . However, all of the major cellular elements of the inner ear were discernible at this time. Within the organ of Corti/ basilar membrane complex, the tectorial membrane, pillar cells of the tunnel of Corti, endothelial supporting cells (e.g., Deiters', Henson's, Boetcher's, and Claudius' cells), and the inner and outer hair cells were all fully differentiated. The fluid spaces in the organ of Corti (i.e., spaces of Nuel, the tunnel of Corti, and the inner sulcus) were formed, but remnants of mesenchymal tissues were still in evidence within these open spaces. Whereas the basilar membrane displayed the mature mammalian seven-layered configuration (Woolf et al., 1992; Santi, 1989; Iurato, 1962) at 1 week postpartum, the mesothelial cells lining scala tympani had immature round profiles and were arranged in strata several cells thick, unlike the single layer of flattened mesothelial cells normally observed under the basilar membrane in the mature cochlea (Wmlf et al., 1992) .
LSCM Imaging and QuantiFcation of ISH Signal
After hybridization of tissue sections with fibronectin RNA probes, nonspecific silver grain development (i.e., background noise) was routinely observed with light microscopy throughout the emulsion. However, in addition to the random distribution of silver grains in the emulsion, there was also a noticeable tendency for silver grains to cluster nonspecifically in the emulsion over cellular tissue. Because of this background noise, it is difficult with standard transmitted light (brightfield or darkfield) microscopy to distinguish between positive signals over hybridized cells and nonspecific clusters of silver grains. As we report here, ISCM provided an effective means for discriminating the positive hybridization signal from the background noise.
Qualitative examination of the distribution of silver grains in individual LSCM optical sections, taken at different depths in the emulsion from hybridized rat cochleas, revealed two distinctly different silver grain distribution patterns. A representative example, a P7 rat cochlea hybridized with anti-sense EIIIA RNA probe, is shown in Figure 1 . Nonspecific silver grains were primarily confined to the lower layers of emulsion adjacent to the glass slide and the tissue section. In contrast, silver grains over positively hybridized cells were present at all levels in the emulsion, from the tissue interface to the upper surface of the emulsion. Figure 1 illustrates the quahtative differences in silver grain dispersal patterns at different levels in the emulsion over hybridized tissue sections. The dispersal of silver grains was spatially limited and significantly more specific over hybridized mesothelial cells lining the basilar membrane when LSCM optical sectioning was limited to the upper 2 pm of the emulsion ( Figure 1B ) than when the whole (i.e., full volume) of the emulsion was optically sectioned and projected ( Figure 1A) .
The distribution of silver grains in the Z-dimension for the six 400-pm2 measuring fields denoted in Figure 1C Figure IC, Box 4 ) also had silver grains dispersed only in the lower 4 pm of emulsion. In contrast, the measuring fields centered over two distinct regions of the basilar membrane containing hybridized cells (Fig. lC , Boxes 5 and 6) showed very different silver grain distribution patterns. Over positively hybridized cells in the basilar membrane, significant numbers of silver grains were present in the upper layers (i.e., 5-7 pm) of the emulsion, as well as in the lower layers (i.e., 0-5 pm). The dichotomy between the silver grain distribution patterns over hybridized and non-hybridized cells suggested that nonspecific labeling was primarily restricted to the lower layers of the emulsion, whereas true hybridization signals penetrated more selectively into the upper layers of the emulsion.
Taking advantage of the differences in the silver grain distribution patterns in the Z-axis, the specificity of the hybridization signal could be significantly increased, and the nonspecific background noise significantly reduced, by arbitrarily limiting the range of optical sectioning during LSCM analysis to the first 2 pm below the emulsion surface. That is, by analyzing only the "partial volume" of the upper layers of the emulsion (e.g., Figure 1B) , the contribution to the processed image of the nonspecific background noise in the lower emulsion layers could be selectively omitted,
Fibronectin mRNA Expression in the Inner Ear
Using the partial-volume LSCM analytical approach described a h , ISH results with the FN-C and EIIIA fibronectin segment-specific RNA probes were qualitatively very similar in the inner ear of the rat during the first week after birth (i.e., PO-P7). Furthermore, the pattern of fibronectin mRNA expression observed with these cDNA probes at this stage of development did not vary significantly along the length of the basilar membrane, from the base to the apex of the spiral cochlea. The most intense positive hybridization labeling within the inner ear during the first week postpartum with images (e.g., Figure le) .
the FN-C ( Figure 1B ) and the altematively spliced EIIIA ( Figure  3F ) probes was confined primarily to the mesothelial cells lining the basilar membrane adjacent to the scala tympani. Within the organ of Corti, low levels of specific fibronectin mRNA expression were also observed in the region of the inner and outer hair cells and surrounding supporting cells (i.e., inner phalangeal cells, Deiters' cells, and pillar cells). Occasional fibronectin mRNA expression was also observed at this stage in epithelial cells in the inner sulcus, spiral ligament, spiral limbus, and Reissner's membrane, as well as in blood vessel endothelial cells. Fibronectin mRNA expression was not observed at this time in the other supporting cells (i.e., Boetcher's, Henson's, and Claudius' cells) overlying the basilar membrane or in spiral ganglion cells [i.e., cell bodies of the auditory (VIIIth cranial) nerve] in Rosenthal's canal.
EHeeCts of EDTA/Paraformaldebyde Pre-treatment on ISH
EDTA/paraformaidehyde pretreatment noticeably improved hybridization signal strength in all of the processed specimens, including both whole heads and dissected temporal bones. Within the cochleas of developing rats (Figure 3) , fibronectin mRNA hybridization signals were noticeably increased in EDTAlparaformaldehydepre-treated non-neural tissues ( Figures 3D-3F ) compared with untreated tissues (Figures 3A-3C ). Similar increases in the level of hybridization signals were also seen in other cephalic regions after the decalcification protocol, including both neural (e.g., brain) and non-neural tissues (data not shown). The increases observed in the level of hybridization signals after the EDTAlparaformaldehyde pretreatment were not associated with concomitant increases in the level of nonspecific hybridization signals (i.e., background noise).
Discussion
Confocal imaging provides information not only about the position of an object in a single optical plane (i.e., Xand Y-coordinates) but also its depth in the specimen (i.e., Z-coordinate) (Brelje et al. 1993) . Therefore, LSCM offers unique opportunities for threedimensional data collection, reconstruction, and visual imaging.
In the present study, apparent qualitative and quantitative differences in the dispersal patterns of the silver grain hybridization signals and background noise within the emulsions allowed the development of a systematic LSCM analytical approach that not only significantly improved the overall signal-to-noise ratio in the hybridization label but also compensated for the tendency of autoradiographic silver grains to concentrate nonspecifically over cellular material. Earlier non-confocal, light microscopic "grain count" approaches have depended on computations of two-dimensional representations of three-dimensional silver grain clusters. On examination of the Z-series optical sections, it was apparent that the individual silver grains in a cluster were stacked in an overlapping fashion. Consequently, silver grains could be accurately resolved only by an analysis that subdivided the Z-axis. The information obtained about the fine structure of the silver grain distribution patterns over hybridized cells suggested that any previous quantitative analyses based on light microscopic visualization and counting of silver grains may have been subject to errors. Potential sources of grain counting error with standard brightor darkfield microscopy could entail either an overestimation, based on the erroneous inclusion of nonspecific silver grains or debris, or an underestimation, due to silver grains in the upper levels of the emulsion obstructing those in lower levels.
The question remains as to why specific hybridization signals extend into the more superficial layers of the emulsion, whereas nonspecific signals tend to be limited to the deep emulsion layers. One possibility is that labeled probe in hybridized tissue has higher specific activity than nonspecific bound probe. Because the maximal range of beta particles increases with the energy level of the radioisotope (Cember, l983) , beta particles emitted from higherenergy probe in hybridized tissue should travel a greater distance before ionizing and establishing a latent image in the photographic emulsion than beta particles emitted from low-energy nonspecifically bound probe. However, the microdosimetry for isotopic sources in photographic emulsions is at present poorly understood, and additional studies will be required to explain the unique silver grain dispersal patterns observed over hybridized tissues.
An additional finding of this study was the significant effects of EDTA/paraformaldehyde pre-treatment on the hybridization signal in non-calcified tissues. The skull of the rat does not begin to ossify significantly until after birth (Markens, 1975) . Consequently, the head is typically not subjected to decalcifying treatment in studies of embryogenesis. In contrast with the findings of a previous study of mRNA expression in developing sensory ganglia of the mouse (Ryan et al., 1991) , the present study found that EDTAlparaformaldehyde pre-treatment significantly improved the level of mRNA hybridization signal in non-neural tissues within the cochleas of developing rats. Notably, whereas the earlier report found that immersion of intact mouse fetal tissue for 3 weeks in 8% EDTA with 4% paraformaldehyde at 4°C did not significantly affect either specific hybridization signals in neural tissues or nonspecific hybridization in non-neural tissue in the developing mouse, pre-soaking 20-pm sections of the same tissues on glass slides in the same EDTAlparaformaldehyde solution at 4°C for 1 week decreased nonspecific background hybridization and increased specific hybridization signals (Ryan et al., 1991) .
In the present study, marked increases in the level of mRNA hybridization signals were also seen in the brain and other cephalic regions after EDTAlparaformaldehyde pre-treatment of intact hemisected heads (data not shown). The increase in the level of hybridization signals observed after the decalcification procedure was not associated with a corresponding increase in the level of nonspecific hybridization (i.e., background noise). Therefore, the described EDTAlparaformaldehyde pre-treatment protocol has the potential to be beneficial for ISH studies of any tissues, including embryological and adult material.
Although the mechanisms by which EDTAlparaformaldehyde exposure during the decalcification protocol contributed to the increased level of fibronectin mRNA hybridization signal are still unknown, several possibilities exist. First, the treatment with EDTA and phosphate buffer, by complexing calcium andlor magnesium, causes nuclear agglutination and leads to nuclear rupture (DeGroot and Torresani, 1975) . Damage to the integrity of the nucleus could enhance the accessibility of the probe to cellular mRNA during hybridization. Second, EDTA is known to function as a chelating agent, which removes divalent metal ions (e.g., Mg2+) linking ribosomes to mRNA (Kraus and Rosenberg, 1982) . As a result of this chelation effect, ribosomes are dissociated into individual subunits and released from the mRNA. Consequently, the total amount of free mRNA available for hybridization could be increased. Third, nucleases require divalent cations (e.g., Mg2+) for activity (Vary and Vournakis, 1984) , and the removal of these necessary ions by EDTA chelation during decalcification could reduce total degradation of mRNA by nucleases during tissue processing. Finally, it is also possible that the additional exposure to paraformaldehyde fixation during the decalcification procedure could act directly to prevent the leaching of water-soluble mRNA andlor to increase the linkage of mRNA to the tissue (Ryan et al., 1991) .
Fibronectin mRNA expression observed with the LSCM approach developed did not coincide with the fibronectin-like protein immunolocalization pattern previously reported in the developing rat organ of Corti during the first week after birth (Wmlfet al., 1992) . Between PO-P7, we reported that fibronectin-like immunostaining was prominent in the basal lamina and amorphous ground substance layers of the basilar membrane, but not in the mesothelial cell layer (Woolf et al., 1992) . In marked contrast, ISH revealed fibronectin mRNA expression in the mesothelial cells beneath the basilar membrane at this time. However, by P14 the situation was reversed. Fibronectin-like immunostaining was prominent in the mesothelial cells lining the basilar membrane, whereas fibronectin mRNA was not expressed in these cells at this time (data not shown). Therefore, the synthesis of fibronectin by the mesothelial cells could have temporally preceded the cellular accumulation of this glycoprotein in these cells. The origin of the fibronectin-like protein in the extracellular amorphous ground substance and basal lamina of the basilar membrane during the first week postpartum is unknown, but it is possible that locally produced fibronectin contributed to these deposits. Alternatively, the extracellular fibronectin-like protein localized in these sites at this time could have been deposited by extravasation from sera or cochlear fluids.
The combined ISH and LSCM analytical protocol described in this report is equally applicable to both calcified and noncalcified tissues. Although LSCM does offer a means for significantly improving the sensitivity and specificity of ISH signal detection, the observation that grains are not distributed uniformly in the emulsion over hybridized cells requires some caution to be observed in developing grain count quantification strategies. Paddock et al. (1991) have suggested that LSCM could be used to develop an automated screening system for hybridized specimens. Our quantitative data support the feasibility of an automated cell counting system for applications such as screening specimens for viral infection. However, our data also have shown that a critical requirement for such an automated protocol will be the necessity to account for the depth within the emulsion from which optical sections are to be collected.
